SP62, a mutant of bacteriophage T4 shown by Wiberg et al. (1973) to be defective in regulation of T4 protein synthesis, was shown by complementation tests to define a new gene, regA, and by intergenic mapping to lie between genes 43 and 62. The mapping involved crossing SP62 with a quadruple amber mutant defective in genes 42, 43, 62, and 44, selecting all six classes of amber-containing recombinants caused by single crossover events, and then scoring the presence or absence of SP62 in these recombinants. In addition, 15 new, spontaneous regA mutants were isolated, and 13 of these were mapped against each other; a total of eight different mutation sites were thus defined. Most of the new mutants were isolated as pseudorevertants of a leaky amber mutant in gene 62, according to Karam and Bowles (1974) , whereas one was identified by virtue of the "white ring" around its plaque, a phenotype possessed by all the regA mutants at high temperature. SP62 was renamed regA 1, and the new mutants were named regA2, regA3, etc.
A viable mutant of bacteriophage T4D that is defective in regulation of phage protein synthesis, namely SP62, was described by Wiberg et al. (18) ; unpublished data were cited to argue that the mutant, SP62, defines a new gene, regA, that maps between genes 43 and 62. The present paper presents those data, which involve both complementation tests and intergenic mapping of SP62. Also described is the isolation and intragenic mapping of more regA mutants.
MATERIALS AND METHODS
Bacteriophage and bacterial strains. Escherichia coli B and E. coli K-12 strain W3110, both nonpermissive for T4 amber (am) mutants, and E. coli CR63, permissive for T4 am mutants, have been described (8, 17) . We isolated a spontaneous mutant of E. coli B that is resistant to 150 pg of streptomycin per ml and assigned it bacterial stock no. 150; it exhibits drastically reduced ribosomal ambiguity suppression of T4 amber mutants. Wild type T4D (T4+) and the unbackcrossed versions of the am mutants were obtained from R. S. Edgar. SP62 has been described (18) , and all studies on it in this paper were done with the genetically purified version, SP62x3; this has been renamed regA 1 (see below), and both names are used in this paper. The quadruple am mutant used for mapping (see Table 2 ) was constructed by standard crosses and identified by the spot-test procedure described below; it contains 1 Present address: 20 Growth media and chemicals. Most of these have been described (18) . GCA medium is the glycerolCasamino Acids medium of Fraser and Jerrel (5) .
Thermometers. All temperatures above 40°C were read on thermometers calibrated against a thermometer certified by the National Bureau of Standards to be accurate within 0.3°C.
Complementation tests. For complementation tests (Table 1 ), E. coli B was grown at 37°C in GCA medium to about 5 x 10f cells per ml and then chilled. For each infection, 1 ml of cells was warmed by shaking for 3 min at 44.8°C in a 10-ml, baffled Erlenmeyer flask. Phage (0.1 ml) were then added at a total multiplicity of infection (MOI) of 10 (5 of each, where a mixture of two phage was added). At 50 min after infection, samples were diluted into broth saturated with CHCl3 (to lyse the cells) for determination of phage production; plating was on E. coli CR63 at 30°C, conditions permissive for all progeny. Bacterial survivors of infection were determined as colony-formers by spreading appropriate dilutions on GCA agar, along with two drops of anti-T4 serum having a K value of 260; the antiserum prevents killing of survivors by phage produced on the plates. Controls showed that this level of antiserum was adequate and harmless to the bacteria. Unadsorbed phage were measured as plaque-formers that survive dilution through CHCl3-saturated broth; they were sampled at 5 min after infection, before progeny phage appear.
Spot-test identification of mutant genotypes. Our current procedure for spot-test identification of mutant genotypes (Table 2) is the result of a series of modifications in this laboratory (8, 9, 17, 18) of the technique of Edgar et al. (4) . Each plaque, chosen at random from the progeny of a cross, was stabbed coli CR63 at 30°C, conditions permissive for all progeny. Plaques of these progeny were stabbed at random and spot-tested against helper phage to identify all amber genotypes, and then some of these were tested for the presence of the SP62 mutation (see the text). b Predicted on the assumptions (i) that SP62 lies between genes 43 and 62, and (ii) that all recombinants scored were the result of single crossover events. (8) with about 3 x 108 cells ofE. coli B orE. coli K-12-W3110, plus hydroxyurea (11, 18) , to a concentration of 62 mM in the top agar; this was poured onto 20 ml of bottom agar, and the plate was incubated at 42.8°C for about 18 h. Both the high temperature (18) and the hydroxyurea (11, 18) contributed to the result that the regA mutants produced virtually no plaques, whereas T4+ produced small plaques at an efficiency of plating (EOP) of around 40%; this EOP was measured with each set plated, and a correction factor was applied. To maintain temperature to within 0.1°C, we modified a standard Thelco model 4 incubator so that now (i) a fan was mounted at the bottom to circulate the air downward through a hole (11-cm diameter) cut out of the metal plate mounted over the heating coils, upward through a 6-mm gap at each side formed by false walls of cardboard that extended to within 15 cm of the top of the chamber, and then down the central chamber where the petri dishes were placed; (ii) the metal plate just above the heating coils was insulated with cardboard to minimize radiant heating; (iii) the thermostat was replaced with an Athena, solid state proportional temperature controller, model 52-3 (which features a slower heating rate the closer to the specified temperature), whose thermistor sensor is mounted in the middle of the center shelf; (iv) the convection ports at top and bottom were plugged to minimize heat loss. For faster warm-up, petri dishes were never stacked more than two high. To minimize evaporation (which gave very uneven plaque appearance), close-fitting, plastic petri dish covers were used rather than the common, ridged type that sit about 0.5 mm above the bottom dish.
RESULTS
SP62 defines a new gene. Since SP62 maps between markers in genes 43 and 62 (see below), it seemed possible that SP62 maps within one of these genes. To test this, complementation tests were performed. Wiberg et al. (18) showed that phage production by SP62 is relatively more sensitive than T4+ to high temperature. Table 1 a E. coli W3110 at 5 x 108 cells per ml in GCA medium was infected at 37°C with a mixture of two phage at an MOI of 5 each. Progeny phage were sampled 60 min later. The value (not in parentheses) at the intersection of a vertical column and a horizontal row represents the average percent recombination (2 x percentage of regA + recombinants) among progeny of a cross of the mutants defining that column and row. The value in parentheses at its right gives the number of crosses performed. The values in parentheses below that indicate the range of values of percent recombination. Where several mutants at the same site were used in various crosses, the particular mutant used is not indicated to simplify presentation of data. Background T4+ revertants in the single mutant stocks corresponded to a percent recombination value of 0.05 for regA8, and less than 0.005 for all the other mutants; these values were subtracted. Other details are given in the text. last column, where the degree of complementation of each of the am mutants by SP62 is shown relative to that given by T4+. It is seen that SP62 complements all to about the same extent-66 to 80%-as well as does T4+ (12) .
Intergenic mapping of SP62. To locate the approximate genetic map position of SP62, it was crossed at equal multiplicity with amber mutants in various T4 genes, starting from gene 49 and proceeding counterclockwise to gene 60. The progeny were plated on E. coli CR63 at 30'C for total phage, and wild-type recombinants were scored on plates at 40'C containing E. coli B plus 5-fluorodeoxyuridine and uracil (at 33 and 100 AM, respectively, in the top agar); these conditions were essentially those of spot-plate procedure 1 of Wiberg et al. (18) . Under these conditions, amber mutants did not grow, SP62 gave tiny plaques at best, and wild-type recombinants gave larger plaques. The results (not shown) revealed minimum recombination frequencies in the vicinity of genes 43, 62, and 44.
To map SP62 more precisely, a technique was used that is analogous to the second procedure used by Warner et al. (16) to map the dexA gene; this approach avoids the scoring of recombinants resulting from double crossover events, thus avoiding the ambiguity often caused by high negative interference (1-3). SP62 was crossed at equal multiplicity with a quadruple amber mutant defective in genes 42, 43, 62, and 44; these four genes are listed in clockwise order on the T4 genetic map (13) . First the progeny were scored for the six classes of amber recombinants that can result from single crossover events. These recombinants were then tested for the presence or absence of the SP62 mutation. The results of two such experiments are shown in Table 2 . They support a prediction that the SP62 mutation is between genes 43 and 62; 81% of the + + --recombinants were regA+, whereas 35% of the reciprocal recombinants, --+ +, were regA+. These two values should total 100%; that they total 116% is doubtless due to statistical variation. If the values are normalized to a total of 100%, then 70 and 30% of the + + --and --+ + recombinants, respectively, are regA+. This argues that the SP62 mutation is located about 70% of the distance from am B22x5 in gene 43 to amEl140 in gene 62 (Fig. 1) . The two regA recombinants found in the + ---and ---+ progeny, and the one regA + recombinant found in the -+ + + and + + + -progeny, were probably due to a low frequency of multiple crossovers or insertions (2), and do not affect the conclusion. The two-factor crosses of Fig. 1 also place SP62 about 70% of the way from am B22x5 to amE1140, thus providing independent confirmation of the more rigorous conclusion from the experiments of Table 2 . Figure 1 also shows the relative map positions of the four mutations used in the crosses of Table 2 .
Isolation of new regA mutants. We isolated a number of new regA mutants by the technique of Karam and Bowles (11) . This technique depends on two observations: (i) amE1140 in T4 gene 62 is leaky on an am-restrictive host because of high ribosomal ambiguity, but is not quite able to make a plaque; (ii) addition of a regA mutation suppresses amE1140, permitting formation of a tiny plaque, presumably because the low level of gene 62 protein is now increased. Six independent stocks (A through F) of amE1140 were prepared, one from each of six separate plaques on E. coli CR63. These unmutagenized stocks were plated at various Comparison of this data with the mapping data of Table 3 shows that regA 2, regA 6, and regA 7
are at site G, and all arose from the same plaque isolate of amE1140; also, regA12 and regA 13 mapped at site F and arose from a different plaque isolate. The rest of the mutations arose independently of these and of each other. Although mutants that arose in a common plaque isolate were probably identical, we gave them separate names because they may not be identical; one may be an amber mutation, another may be an ochre at the same codon; or, they could be mutant at different, but very close, sites indistinguishable in our experiments. One other mutant, regA 16, was detected solely on the basis of its white halo (see below and Fig. 2) . It was apparently a rare contaminant in the same T4+ stock from which SP62 (regA 1) arose. This and the fact that regA 1 and regA 16 map at the same site (Table 3) suggests that they are identical.
Intragenic mapping of regA mutants. Many White halo phenotype ofregA mutants. Forall butF, phage were diluted to109lml in dilution broth (0.9% nutrient broth [Difco] and 0.5% NaCl) and printed, with the floating-loop printer, onto plates seeded with 0.15 ml ofE. coli B at about 2 x 109 cells per ml in GCA medium by using modified (9) GCA bottom and top agar. The plates were then placed at the temperatures indicated for the periods indicated. All but D were photographed under dark-field illumination, on a Bactronic colony counter, model C110, New Brunswick Scientific Co.; D was photographed with direct lighting from behind, on a light box designed for viewing Xray films. (A) T4+ and all the regA mutants, incubated at 42.8°C for 21 h; regA3 contains a 'junk" temperature-sensitive (ts) mutation in an unknown gene, whereas this ts mutation has been removed in regA3xl. The names ofthe mutants have been abbreviated from regAl, etc. to 1, etc., and T4+ is termed +. In B through E, the phage are in the same order as shown here. Table 3 . The most important conclusion from the table is that the mutants fell into eight distinct sites, A through H. Sites F and G were defined by four and five mutants, respectively. Initially these mutants at sites F and G were assigned to their respective sites because each failed to recombine with one other (tester) mutant in the site. However it seemed possible that if the tester mutation were a small deletion, other (point) mutants at that site might define two or more close but different sites within the deletion region. Thus, within each site, all possible pairwise crosses were performed; no recombinants were detected, which argues that the mutants at sites F and G represent either all point mutations or (less likely) all deletions. regA mutant R9 of Karam and Bowles (11) is included in Table 3 and was seen to map at site G. Mutants regA3 and regA 10 were not included in Table 3 because they were too leaky to map.
We tried to assign an unambiguous, linear map order to the sites but were unable to do so; the data of Table 3 were simply not precise enough, and we did not find conditions that eliminate the variation. The primary factor in these large variations in recombination frequencies for replicate crosses is undoubtedly the fact that no completely selective, restrictive conditions for regA mutants are known. For example, the plating conditions used to repress growth of regA mutants decreased the efficiency of plating of T4+ to about 40%; this was measured in each experiment and corrected for (see above). Other factors that may contribute to the variation are the following. (i) Perhaps the "wild" recombinants differ in their EOP, depending on the cross, because of unrecognized "junk" mutations; we did, in fact, find that regA3, as originally isolated, contained a temperature-sensitive mutation in some other gene (Fig. 2B). (ii) These same plating conditions are difficult to reproduce precisely, partly because the hydroxyurea sensitivity and temperature sensitivity among the regA mutants differ slightly; sometimes duplicate plates in the same incubator differ somewhat in appearance. (iii) It is possible that in this small gene there are significant recombinational hot spots or site-specific effects that disturb a linear relationship between physical distance and recombination frequency.
We did not succeed in orienting the most separated regA mutants with respect to genes 43 and 62, primarily because the regA gene is apparently so small. We find that the distance between the closest known gene 43 amber (amE4306) and the three known gene 62 ambers (which map within 0.3% recombination frequency [RF] of each other) is about 11% RF, and the regA mutants (about 1% apart) map roughly in the middle of this gap. Thus, any differences among the regA mutants in their RFs with the gene 62 or 43 ambers are not convincing, especially considering the problems of reproducibility in scoring regA + recombinants among many regA mutants (just discussed).
White halo phenotype of regA mutants. We observed that regA 1 produced a white halo around the central zone of clearing in bacterial lawns, both on spot plates and as single plaques, whereas T4+ did not, under the same plating conditions (Fig. 2) . All of the regA mutants exhibited the white halo to some degree, and high temperature appeared to be necessary: they were seen at 43.9 and 42.8°C ( Fig. 2A  and B) , but not at 38 (Fig. 20) or 30°C (not shown), even if the plates were incubated for several days. The white halo appeared to represent larger bacterial microcolonies than in the phage-free areas of the bacterial lawn, as judged by examination with a microscope. Also supporting this view is the observation that, with light directly behind the plaque (Fig. 2D) , as contrasted with dark-field illumination ( Fig.  2A , B, C, E, F), the white halo appears darker than the adjoining bacterial lawn.
It is not clear why the white halo occurs, but it has provided useful confirmation of the usual spot-test identifications of the regA genotype. Occasionally, the white halo is not seen around regA zones at high temperature; this sporadic fickleness may be caused by variations in age of inoculating bacteria, dryness of agar, duration of incubation ofthe seeded plate, etc. For all the halos shown (Fig. 2) , the applied phage were in a broth medium; substitution of GCA medium had no effect on development of the halo. We were tempted to view the white halo as diagnostic for regA mutants and were supported in this view by the discovery of regA16 solely on the basis of its white halo (see above). However, we recently found that if the temperature is raised to 44.6°C, where the regA mutants are essentially dead, T4+ now produces a white halo (Fig. 2E) Until now it seemed possible that SP62 was a special kind of missense mutant and that therefore the regA phenotype might be the result of a partial loss, or subtle modification, of regA function. However, our observation that the mutants define eight different sites, spread over a distance of over 1% recombination frequency, suggests that no subtlety is involved and that the phenotype is due to total loss of regA function.
The white halo seen on petri dishes containing regA mutants is clearly due to faster growth of nearby bacterial cells. One explanation may be the release of some factor from regA-infected cells that promotes the growth of uninfected cells. We are aware of only one previous report of a white halo phenotype for T4 mutants. Hall et al. (7) showed that T4 mutants defective in dihydrofolate reductase and, to a lesser extent, thymidylate synthetase, produce a bright white halo, but only under special plating conditions. The key factor in their plating conditions is apparently a uracil-requiring bacterial host. Hall suggested that a significant amount of dUMP accumulates in cells infected by these mutants and, upon lysis, is released as deoxyuridine or uracil (6) . The gene for dihydrofolate reductase was originally named wh (for white halo) (7) but has since been renamed frd (10, 14) ; td is the gene for thymidylate synthetase (14) . In this context, it is worth noting that regA 1 underproduces thymidylate synthetase at 370C (18) ; perhaps higher temperatures cause greater underproduction. For this to be an explanation of the white halo, we would also have to propose that, at high temperature, E. coli B develops at least a partial dependence on exogenous products (e.g., dUMP) that may accumulate when thymidylate synthetase activity is low. We have no way of knowing at this point whether the white halo seen with T4+, at yet higher temperatures, is caused by the same mechanism as with regA mutants.
In preliminary experiments, we recently found that extracts of E. coli B cells infected with most of the regA mutants lack a protein having a molecular weight of less than 12,000, when displayed on sodium dodecyl sulfatepolyacrylamide gels (Landry, Cardillo, and Wiberg, unpublished data). Thus, regA may be the structural gene for this protein. If so, we may be able to detect nonsense fragments (if some of these mutants are indeed nonsense mutants) and order them by size. This should aid in constructing a rigorous map of the regA gene. Further, if nonsense-suppressor strains of E. coli convert some of the nonsense fragments to a full size protein, this will prove that these mutants are nonsense mutants.
